As Kraft pulp mills move toward minimum impact manufacturing, one of the most difficult challenges is the development of strategies for dealing effectively with buildup, carryover, and recovery of cationic and anionic non-process elements (NPEs). Even at low concentrations, NPEs present a serious concern due to scaling and other reactions caused by Ca, Mg, Mn, Fe, Cu, phosphates, silicates, and aluminates. The drivers behind NPE removal include environmental regulatory issues (e.g., Mn), scale formation, reduced bleaching efficiency, and corrosion. Before closure can be achieved in the bleach cycle (Figure 1 ), methods must be developed for efficient and cost-effective removal of NPEs from bleach filtrate streams. To be commercially viable, a highly selective, high-capacity, and regenerable media must be developed. In addition, limited prefiltration and high resistance to attrition of exchange material will significantly reduce costs, which is key to widespread commercial application.
Introduction
The research area for this work is Environmental Performance -Technologies for Conditioning or Treating In-Process Water Streams or Wastewaters to Make Them Suitable for Reuse in the Mill.
Background
Closing the Bleach Cycle. As Kraft pulp mills move toward minimum impact manufacturing, one of the most difficult challenges is the development of strategies for dealing effectively with buildup, carryover, and recovery of cationic and anionic non-process elements (NPEs). Even at low concentrations, NPEs present a serious concern due to scaling and other reactions caused by Ca, Mg, Mn, Fe, Cu, phosphates, silicates, and aluminates. The drivers behind NPE removal include environmental regulatory issues (e.g., Mn), scale formation, reduced bleaching efficiency, and corrosion. Before closure can be achieved in the bleach cycle (Figure 1 ), methods must be developed for efficient and cost-effective removal of NPEs from bleach filtrate streams. To be commercially viable, a highly selective, highcapacity, and regenerable media must be developed. In addition, limited prefiltration and high resistance to attrition of exchange material will significantly reduce costs, which is key to widespread commercial application.
Figure 1. A Simplified Overview of the Pulp Bleach Cycle
The drivers for NPE removal from the bleach plant effluent include environmental regulatory issues, reduction (or elimination) of scale formation, enhanced bleaching efficiency, and reduction (or elimination) of chloride-induced corrosion. A suitable chemical separation technology to remove these NPEs could potentially address all of these issues.
SAMMS Application to the Bleach Plant Effluent.
A powerful new class of environmental sorbent material has been developed at Pacific Northwest National Laboratory (PNNL), called Self-Assembled Monolayers on Mesoporous Supports (SAMMS) (Figure 2 ). The advantages of SAMMS include high sorbent capacity as a result of the high surface area of the support, the rapid sorption kinetics resulting from the rigid, open-pore structure of the support, the chemical specificity of the monolayer interface, and the ability to tailor the chemical specificity of the sorbent by varying the monolayer composition. Once the composition of the bleach plant effluent was well characterized, it was possible to design SAMMS materials for specific target NPEs and evaluate their efficacy at removal of these targets. SAMMS are made by using surfactant micelles as templates to make a porous, honeycombed ceramic support, which condenses a huge amount of surface area into a very small volume. This support is then decorated with a self-assembled monolayer containing a suitable terminal ligand to bind the target analyte. By varying the chemical structure of the monolayer interface, the SAMMS sorbent materials can be tailored to be specific for a wide variety of targets.
Objectives
The objective of the development phase of this project was to generate performance data sufficient to enable SAMMS to be commercially deployed for the removal of problematic NPEs. The project obtained data on the composition of bleach plant effluent, performed preliminary evaluation of sorbent functionality using commercial ion-exchange resins on the target NPEs, and designed, synthesized, and evaluated SAMMS with the down-selected functionality to target specific NPEs through pilot-scale demonstration of the removal of alkaline earth metals.
The test plan included:
1. Physical Characterization of SAMMS Material. The characteristics that are critical for deploying SAMMS materials in a fluidized bed column are the settling velocity and attrition resistance. Benchscale tests were conducted for the range of scaled flow rates that would be used in the pilot-scale operation. Additionally, we conducted attrition tests on SAMMS material. Changes in particle size distribution as a function of agitation time were measured to assess the attrition resistance of the material.
2. Functionality Selection Tests. The objective of these tests was to identify functionalities that specifically remove scale-forming alkaline earth metals from bleach effluent streams. We assessed the performance of several commercially available functionalities on resin substrates. A promising functional group is the chelating iminodicarboxylic acid via methodology developed at PNNL. This chelating iminodicarboxylic acid interface has a high affinity for scale-forming cations such as Ca and Mg, and transition metal cations such as Mn. The chelating iminodicarboxylic acid in SAMMS is strippable, and hence regenerable. These bench-scale tests were conducted in a batch mode with simulants to determine the selectivity, loading, and kinetics of adsorption.
3. Flow and Regeneration Tests. Bench-scale tests, using simulants, were performed to evaluate loading and regeneration performance of functionalities selected from the results of the screening tests.
Batch and Flow Tests of Functionalized SAMMS.
A series of tests with actual bleach cycle effluents was conducted to determine the effectiveness of functionalized SAMMS material for alkaline earth metal removal. The tests were focused on measurements of selectivity, loading, kinetics, and regeneration properties of the SAMMS material.
Project Results

YEAR 1
The research focus in Year 1 was to determine the accurate composition of the bleach plant effluent sample we were provided, particularly on the Mn speciation, and to evaluate SAMMS as a possible means of Mn removal.
Bleach Plant Effluent Characterization. During the first year of the project, PNNL performed a detailed effluent stream characterization of three different stages (D o , D 1 , and E op ) of the bleach cycle (Table 1 ). This was a significant scope of work that included not only the determination of constituent concentrations but also a determination of the specific valance states for the NPEs of concern. The research results showed that:
1. Principal scale-forming constituents in these effluents were Ca, oxalate, sulfate, and carbonate. Figure 3] ). These studies were carried out over a range of pH values ranging from 1.8 to 10.0, using a solution-to-solids ratio ranging from 20 to 5000 (500 is typical for SAMMS). The Mn (II) concentration was varied from 0.3 to 35 ppm, and contact times were 6 -8 hours to ensure that distribution coefficient (K d ) values obtained were true equilibrium values (in metal sorption studies, SAMMS typically reach equilibrium in 3-30 minutes depending on concentration, pH, competing complexants, etc.). In summary, these studies found that the acidic SAMMS (as well as the Dowex IX resin) were effective at removing Mn(II). The carboxylate SAMMS was the most effective sorbent tested with a K d above 6,000. Not surprisingly, the efficacy of all these sorbents was pH-dependant. The carboxylate SAMMS worked best at a pH above 5, while the sulfonic acid resins work moderately well at a pH of about 2. The inorganic oxides were found to be completely ineffective at removing Mn(II) (Figure 4 ). Mn(VII) Removal. Due to the strongly oxidizing conditions encountered at specific points of the bleaching process, it was postulated that Mn might also be found in the +7 oxidation state at certain points in the bleaching process. Therefore, a series of tests was performed to evaluate how well SAMMS might be able to remove permanganate anion ( Figure 5 ).
Cu(EDA) SAMMS have shown significant affinity for tetrahedral oxometallate anions . As a result, we tested Cu(EDA) SAMMS for its affinity for permanganate anion. When the solution-to-solids ratio was increased from 50 to 10,000, the K d increased from approximately 0 to over 100,000. This observation strongly suggests that a simple ion-exchange, or chelation, process is not taking place, but rather some redox process is occurring in which the oxidized form of the SAMMS material has a much higher affinity for Mn (in its final oxidation state) than does the starting material.
The pH became progressively more alkaline in these treatments. Similar results were obtained for EDA SAMMS, as well as for the ion exchange resin treated with EDA silane.
Figure 5. Removal of Mn(VII) Using Various Sorbents
In short, SAMMS were found to be an effective method for Mn(VII) removal, with the probable mechanism being a redox-driven precipitation process. The kinetics of Mn(VII) removal were found to be rapid.
YEAR 2
Suggestions from industry (and a request from the client), led to the scope of this project being shifted in Year 2 from removal of Mn to removal of scale-forming cations, specifically Ca, Mg, and Ba. In addition, preliminary requirements and design criteria for pilot scale demonstration were addressed.
Functionality
Tests. An extensive database was assembled using commercially available ion exchange resins to evaluate which functional groups were most effective at removing the scale-forming cations (Ca, Mg, and Ba) under conditions similar to those experienced in the pulp bleaching process. The resins tested included Sybron IONAC SR-12 (a diphosphonate resin with 1.6 meq/ml), Bayer Lewatit CNP80WS (a carboxylate resin with 4.3 meq/mL), Biorad AG 50W-X12 (a sulfonate resin with 2.1 meq/mL), and Resintech SIR-500 (an aminophosphonate resin with 1.4 meq/mL). These resins were tested at pHs of 1.8, 2.5, 7.5, and 10.0 (the acidic pH samples were taken from the D 0 and D 1 stages, the alkaline samples were taken from the E op stage, and the near-neutral pH was taken from a mixture of the E op :D 0 :D 1 in the ratio of 3:1:1). The solution-to-solid ratio varied from 50 to 500.
Mg was removed very effectively by all 4 resins under alkaline conditions at all solution-to-solid ratios (>95% Mg removed, with the exception of the Biorad sulfonate at a solution-to-solid ratio of 500, which only removed 85% of the Mg). Under alkaline conditions, Ca removal was found to be not nearly as effective. The only conditions that were above 90% Ca removal were the Resintech aminophosphonate at a solution-to-solid ratio of 100 and the Bayer carboxylate at a solution-to-solid ratio of 500 (all the rest were considerably lower). The pH 1.8 samples (i.e., D 0 ), Mg removal tended to be very good (90-99%) at solution to solid ratios of 50-100, but they fell off markedly (50-80, and some even lower) at a solution-to-solid ratio of 500. Ca removal at pH 1.8 was similar, with the exception that the Biorad sulfonate maintained its effectiveness at a solution-to-solid ratio of 500 (>95% Ca removal). Ba removal at this pH was more difficult. While the Resintech phosphonate was able to remove >95% of the Ba at a solution-to-solid ratio of 50, its effectiveness fell off sharply at higher solution-to-solid ratios. While the Biorad sulfonate was not quite as high, it maintained approximately 85% Ba removal across all solution-to-solid ratios studied.
At pH 2.5, Mg removal by all four functionalities was quite good; the exception was the Resintech aminophosphonate at a solution-to-solid ratio of 500 (which removed less than half of the Mg from the D 1 effluent). Ca removal was good with all four functionalities and solution-to-solid ratios, dipping down to 80% removal only with the Resintech aminophosphonate at a solution-to-solid ratio of 500 (the other samples were generally >95% removal).
The near-neutral pH (i.e., mixed) samples were generally very effectively scavenged for both Mg and Ca, with moderate success for Ba. Mg was most effectively scavenged at high solution-to-solids ratios (generally >98%; the exception was Biorad sulfonate at 90%). Lower solution-to-solid ratios were also successful, but less so. Ca was also removed most effectively at high solution-to-solids ratios (i.e., 500). In this case, all four functionalities were effective at removing >95% of the Ca (lower solution-to-solid ratios were once again somewhat less effective). The results were less inconsistent for Ba. Biorad sulfonate was effective at all solution-to-solid ratios (>93% Ba removed). The Sybron diphosphonate functionality was also effective at about 88% Ba removal. The Resintech aminophosphonate functionality was inconsistent at lower solution-to-solid ratios but was very good at a solution-to-solid ratio of 500 (97% Ba removed). The Bayer carboxylate functionality was ineffective for all samples.
Integrated over the entire series of tests, the sulfonate functionality was overall the most effective group, with the exception of removing Ca from the alkaline effluent (E op ). The second most effective functionality overall was the diphosphonate, but this tended to lose its efficacy at higher solution-to-solid ratios. The carboxylate is effective at removing Ca and Mg, but not as effective at removing Ba. The phosphonate is very effective at removing Mg under both acidic and alkaline conditions, and very good at removing Ca at pH 2.5 and 7.5, but generally ineffective at pH 1.8. Implementation Design. Due to the high density and rapid kinetics of the SAMMS material developed in the ongoing phase of the project, an up-flow fluidized-bed (UFFB) engineered approach was proposed for possible demonstration. This approach would provide several significant advantages relative to fixed-bed commercial ion exchange including:
1. Minimal Prefiltration. Presently, fixed-bed processes (FBP) require prefiltration down to 1 micron to avoid plugging the bed. The tested filtration systems have shown significant operational issues since the bleach mill process inherently generates high levels of suspended solids. The UFFB approach takes advantage of the high density of the SAMMS by allowing suspended solids to flow through the process without carryover of SAMMS to the treated effluent ( Figure 6 ). This eliminates the single most problematic, operational concern associated with ion exchange processes. 3. High Capacity. The monolayer structure provides the highest possible loading capacity. This translates into less media and smaller equipment (lower capital cost) for a given size process.
4. Stable Inorganic Backing. This correlates to regeneration capability and lower attrition. During regeneration, organic based ion exchange is subject to swelling and shrinking, which leads to production of fines and loss of media. SAMMS inorganic backing does not shrink or swell (minimal attrition) and has been demonstrated to be regenerated for over 10 cycles with no loss of capacity.
Settling and Abrasion Tests of SAMMS Powder.
To determine the suitability of SAMMS in this apparatus, it was necessary to determine both the settling velocity of the SAMMS powders and their ability to withstand the levels of abrasion encountered in this system. The objectives of these experiments were:
1. To determine the settling velocity of thiol-SAMMS versus flow, and 2. Determine the amount of fines that will be generated when thiol SAMMS is shaken for 48 hours.
The material tested was Batch #7 SAMMS (65 A).
Settling Velocity. In these experiments, a container was prepared with an inlet at the bottom and an overflow outlet at the top (8-cm [3-in.] ID column; distance between inlet and outlet 33 cm [13 in.] ); inlet and outlet opening 0.32-cm [1/8-in.] ID). One gram of thiol SAMMS was added to a known volume of deionized (DI) water in the container. The suspension was placed on a stir plate and stirred for 15 minutes, then the stir plate was turned off and the pump started, pumping DI water into the vessel at a rate of 10 mL/hour. After purging the system with 400 mL of DI water, a 30-mL sample of the overflow was collected and measured for turbidity. The sample was then dried to determine the amount of total suspended solids (TSS) in the effluent. This experiment was then repeated at flow rates of 20, 30, 50, 75, 100, and 200 mL/hr. A calibration curve was also generated to correlate the measured turbidity with total suspended solid concentration (Figure 7) . The turbidity measurements of the effluent at various flow rates (Figure 8 ) indicated a log-linear relationship between the TSS and the flow rate. The data showed that, depending on the flow rate, effluent contained ~ 2 -6% of the original mass of material. The results showed that the with appropriate system design and fines recovery, the material could be used in a fluidized bed system. Abrasion Test. A weighed (approximately 2-gram) sample of Batch#7 SAMMS powder was placed in each of six tared 250-ml containers, along with 230 mL of DI water. The bottles were shaken (200 rpm) for 4, 8, 24, 48, 72 , and 96 hours. After each time period, a sample bottle was removed from the shaker and allowed to settle on the bench top (7 hours, 5 minutes). A 30-mL aliquot was removed and analyzed for turbidity (to determine the population of <1 µm particles). After measuring the turbidity, the aliquot was dried to determine the solid concentration (in g/mL).
The data showed that before attrition, the material originally contained about 7% by mass of fine material (<1 µm) (Figure 9 ). The results showed that attrition, on average, generated an additional 3.6±1.5% by mass fine material. Also, with increased attrition time there was no significant increase in the mass of fines generated, indicating that the SAMMS material (being silica-based) was relatively resistant to particle breakage when deployed in a fluidized bed. Attrition Test of SAMMS Powder. The objectives of this experiment were to determine the amount of <53 µm particles that might be generated when SAMMS sorbent materials are attrited for up to 96 hours. The material tested was Richman Chemical functionalized thiol-SAMMS. This sample was sieved and separated into two different size fractions, >106 µm and <106 -53 µm.
A 1-g sample of SAMMS was placed into each of seven 250-mL containers and suspended in 250 mL of DI water. These samples were shaken (at 200 rpm) for 0, 4, 8, 24, 48, 72 , and 96 hours (the 0 hour sample was shaken briefly by hand to suspend the particles, a 150-mL aliquot was removed by pipet 5.5 cm below the water surface and analyzed for <53 µm particles). As each sample was removed from the shaker, it was allowed to settle for 23 seconds (to allow all particles of >53 µm to settle), and then a 150-mL aliquot was removed (again, by pipet 5.5 cm below the surface) to sample the <53 µm particles. The sample was centrifuged, and the solids were transferred to a weigh boat, dried, and weighed to determine the solids concentration (in g/mL).
The results showed that attrition of the fine fraction, on average, generated ~1.5% by mass of <53 µm material. The mass of the fines generated in this experiment appeared to be relatively independent of the attrition time (Figure 10 ). However, fines (<53 µm) generated from the attrition of the coarse fraction (>106 µm) increased linearly with time up to ~30 hours, after which it remained relatively constant at ~6% by mass up to 72 hours. There appeared to be an increase in the amount of fines (additional 2.5% by mass) when the attrition time was extended to 96 hours. The fine fraction appeared to be more resistant to attritive forces as compared to the coarse fraction of SAMMS. Therefore, the <106 >53 µm size fraction of SAMMS appears to be the optimum particle size material for use in fluidized bed applications. Attempts to improve on this attrition and settling velocity behavior were made by taking the MCM-41 support and tape casting it with a polybutyrate binder in a 0.5-mm tape and calcining for 2 hours at 500ºC. In this way, the average particle size was increased to approximately 400-500 µm. However, these agglomerated particles were found to be relatively fragile and broke down to smaller sizes upon continued stirring and/or agitation.
SAMMS Synthesis.
Mesoporous silica (MCM-41) with 65Å pores was made using cetyltrimethylammonium bromide (CTAB) surfactant and mesitylene as a pore expander, under alkaline hydrothermal conditions for 1 week, as previously described (Feng et al. 1997) . The functional monolayers were either installed in "masked" form and then subsequently modified, or the silanes were constructed first and deposited after elaboration. A brief summary of each synthesis follows. The sulfonic acid SAMMS were made by taking the corresponding thiol-SAMMS and oxidizing the mercaptan using hydrogen peroxide in glacial acetic acid (Figure 11 ). The phosphonate terminated SAMMS was made by using a CDI mediated coupling reaction between 3-aminopropyltrimethoxysilane (APTMS) and diethylphosphonoacetic acid (as shown in Figure 11 ). The phosphonate esters were cleaved using TMSI, then exposed to water. The carboxylate SAMMS (Figure 3) were made by treating 3-isocyanatopropyltrimethoxysilane with glycine in the presence of triethylamine. The dicarboxylate SAMMS were made by treating APTMS with two equivalents of ethyl bromoacetate (buffered with triethylamine). The esters were cleaved with TMSI after the silanes were deposited within the MCM-41. The diphosphonate SAMMS (not shown) were prepared by treating tetraethylmethylene diphosphonate with potassium t-butoxide in anhydrous DMF and quenching with 3-chloropropyltriethoxysilane. Once again, the esters were cleaved using TMSI after deposition on the MCM-41. Figure 11 . Synthetic Approaches Used to Make Various Functionalities on SAMMS These deposition methods resulted in a population density ranging from 5 silanes/nm 2 (e.g., the thiol SAMMS) to approximately 1 silane/nm 2 (diphosphonate). Most of the SAMMS described above have population densities on the order of 2-2.5 silanes/nm 2 (as determined by solid state 29-Si NMR). This provides a functional density of approximately 2-4 mmoles/g of sorbent material (depending on molecular weight of the particular silane used). This is roughly double that of typical ion exchange resins.
SAMMS Testing.
The solution-to-solid ratio was varied from 100 to 10,000 (Table 2) . Eight-hour contact times were employed to ensure the samples were completely equilibrated. The test matrix originally involved testing these different functional "flavors" of SAMMS with the different effluents. However, project funding ran out before it was possible to complete this matrix. The data obtained were in good agreement with our previous work evaluating the various ion exchange functionalities for Ca and Mg sequestration (see Functionality Tests section above). For example, the Ca isotherm when using sulfonate SAMMS suggests Langmuirian behavior. At a solution-to-solid ratio of 100, over 97% of the Ca was removed from solution (this effluent contained 55 mg/L Ca (see Appendix 1 for a more complete composition). Depending on the solid-to-solution ratio, the distribution coefficients (a mass weighted partition coefficient) were found to range from ~800 to ~3,860 ml/g, indicating good affinity for the target analyte. Sorption Kinetics. Kinetics experiments were carried out using a solution-to-solid ratio of 2000. The SAMMS material was contacted with the Oglethorpe effluent, and the mixtures were shaken with aliquots withdrawn at 0.5, 1, 3, 5, 10, 30, 60 180, 360, and 1440 minutes and analyzed for remaining Ca concentration ( Figure 12 ). As shown in Figure 13 , equilibrium is achieved rapidly, in only a few minutes. At longer exposure times, it is also apparent from the data that none of the entrained Ca leaches back out of the laden SAMMS material.
As previously mentioned, the test matrix was not completed because project funding ran out before the testing was completed. However, the data obtained are consistent with the ion exchange resin data compiled and indicate that SAMMS are faster than typical polymer-based IX resins and may have twice as much binding capacity. 
Conclusions
In this project we accurately determined the chemical composition of a Weyerhauser bleach plant effluent in the E op , D 0 , and D 1 stages. Due to environmental regulatory concerns, Mn was the principal target of this study. Mn was found to be present in these samples in the range of 0.16 to 3.97 ppm. The Mn was found to be in the divalent oxidation state. Other species of interest were the scale forming cations Ca (21.4 to 161 ppm) and Mg (1.0 to 20 ppm); Ba is not likely to be a significant cause of scale in these effluents and is present only in the range of 0.03 to 0.22 ppm.
Various methods were evaluated for their ability to remove Mn +2 from these effluents, and carboxylate SAMMS was found to be the most effective sorbent tested. Mesoporous silica and activated alumina were ineffective.
Because of the strongly oxidizing conditions during certain stages of the bleaching process, it was decided to examine the efficacy of SAMM for permanganate (Mn +7 ) removal. Cu-EDA SAMMS have proven to be superior for the sequestration of other tetrahedral oxoanions (e.g., chromate, arsenate, etc.) and so were tested for permanganate and found to be effective, as were EDA SAMMS and EDA-modified IX resins. It appears that permanganate reacts with the EDA ligand, and the oxidized ligand has a very high affinity for the reduced Mn. This redox process was very fast.
To be able to deploy SAMMS in an industrial setting, it was necessary to design a test skid that would allow suitable flow rates with minimal back pressures. It was also important to factor in the need for sorbent bed regeneration. This design was drawn up and incorporated into a truck-portable skid that could be dropped in place and plumbed into the bleach plant for pilot-scale testing and evaluation.
Important factors for the successful application of SAMMS in this test skid were settling velocity and particle size attrition. These measurements were made. Attrition was found to generate fines (<53 µm) up to approximately 6 wt%, and then fines generation appeared to level off. The settling velocity testing showed that with appropriate system design and fines recovery, the SAMMS material could be used in the UFFB system. Extensive testing was carried out to find which functional groups were most effective to bind the scale-forming cations under conditions similar to those encountered in the pulp bleaching process. The sulfonate resin was found to be the most effective overall, except for removing Ca from the alkaline E op . The diphosphonate was found to be the second most effective overall, but it tended to lose its efficacy at higher solution-to-solid ratios. The carboxylate was effective at removing Ca and Mg, but not as effective at removing Ba (which is acceptable since Ba is the smallest concern in these effluents). The phosphonate resin was found to be very effective at removing Mg under both acidic and alkaline conditions, very good at removing Ca at pH 2.5 and 7.5, but basically ineffective at more acidic pHs.
Tests were carried out to evaluate the sorption kinetics of SAMMS materials for scale-forming cations. Sorption was rapid, and equilibrium was achieved in just a few minutes. Once sorbed, there was no evidence of Ca leaching back out of the sorbent material. 
